Effect of the freeboard and the transition region on stability of fluid catalytic reactors is presented. Wall heat transfer coefficient and solid circulation rate have a significant effect on stability. These properties were measured. Both decrease as bed density decreases in the dilute phase (freeboard) and transition region. On the premise that non-catalytic violent reactions are induced due to temperature rise initiated by catalytic reactions in the dilute phase and/or the transition region, an approach to instability of the reaction system is presented by calculations. If the noncatalytic reactions are highly exothermic and their activation energies are large, the system can easily run awayat any level of solid circulation. Thus, the possibility of these non-catalytic reactions, e. g. combustion or polymerization, should be avoided by such meansas control of inlet compositions or close control of temperature in the dilute phase.
Introducti on
Fluid catalytic reactors are widely applied to reactions with large heat of reaction because of their good thermal transportation throughout the bed. Axial distribution of contact efficiency in the reactor is sometimes important in considering selectivity and stability.
This distribution was studied experimentally9} and it was found that the freeboard (dilute phase) and the transition region to the freeboard were very efficient in solid-gas contact, as well as the region just above the distributor. Selectivity in several reaction schemes was studied as the effect of the distribution, and the effect of the freeboard was found significant, especially for the case of highly exothermic reactions16>.
Stability as well as selectivity is important in the operation of fluid bed reactors3)5). Actually uncontrollable reactions are reported for naphthalene oxidation17> and catalytic cracking24\ It is widely known that precaution against afterburning is necessary in designing fluid catalytic reactors. In discussing stability inside reactors, several factors of stability are to be considered6>8'18), i. e. multiplicity of steady states, local stability against perturbation, sensitivity to external conditions and oscillation. In the case of fluid catalytic reactors, characteristic features arise from the existence of moving particles. The purpose of this paper is to describe the significance of the dilute phase25) in considering instability of fluid
Factors Affecting Stability in Fluid Catalytic Reactors
Stability in fluid beds is somewhat different in aspect from that in fixed-bed reactors. Sensitivity in fixedbed reactors was discussed by Froment8) and Endoh et al.6). They showedthat multiple steady states and oscillation were rare since longitudinal mixing of gas phase was small and solid particles were fixed in their positions.
In the case of fluid-bed reactors, longitudinal mixing of solid particles is much larger in magnitude. Flow of gas phase is rather complicated due to the existence of bubbles, but it is probable that thermal feedback predominates over feedback of the reactant. Thus, there is a possibility of multiple steady states.
On the other hand, stability against perturbation increases due to solid mixing. However, it decreases in the freeboard because of the smaller heat transfer rate. This may induce runaway phenomena in the dilute phase. Thus the dilute phase plays important roles in the stability of fluid catalytic reactors. The schematic features of the fluid catalytic reactor are described elsewhere14)16) and are sketched in Fig. 1 . Reactions in the dilute phase are generally calculated by the following equations by the use of a one-dimensional homogeneous model. 
Axial Mixing of Solid Particles
Solid particles are seemingly circulated as in the dense phase, ascending in the central core and descending along the periphery. The circulating flow was measured as described in the following section.
1 Experimental apparatus
A schematic diagram of the measuring device is shown in Fig. 2 . The fluid bed was 5 cm in diameter and 120cm in height.
Heating medium of ironchromium wire (100 jum in diameter) was put across the section of the bed to heat the ascending gas and solid flow. Temperature jump at the level of the heater was measured. To prevent the loss of heat from the bed, a thermal insulator of glass-wool was put around the bed. Direct current was conducted through the wire so that the supplied energy could be calculated. Anexampleof the temperature increase is shown in Fig. 3 . Circulating velocity of solid particles can be obtained from these two values, i. e. the supplied energy and the temperature jump. Heat loss from the wall was found to be negligible because the increase of gas temperature at the level of the heater balanced the supplied heat for the case of a vacant bed. Assumptionsto calculate the amountof circulation are as follows. (1) The ascending and descending flows are in piston flow. (2) Heat transfer rate between gas and solid is so large that the homogeneous model may be applied. (3) Heat capacity of gas can be neglected compared with that of solid particles. (4) Half of the solid flows upward and the other half flows downward. Taking the enthalpy balance for the ascending twophase flow, the increase of temperature is given by the following equation.
-UsATcpspJT+ Q/2=0 (3) From this, the circulating rate is obtained. Us = Q/2ATcpsPjT (4)
Results
Us thus obtained is shown in Fig. 4 by its ratios to Uf for the case ofa static bed height of22cm. The rate of solid circulation increases along with increase of the superficial velocity of gas flow. The effect of gas velocity is quite large, especially for the range of 10-20 cm/s. This is because the amount of entrained solid increases remarkably in this superficial velocity range. Above 20cm/s, the value of X(=Us/Uf) in-creases moderately with increase of Uf. X decreases at higher levels in the bed since solid concentration decreases with increase of vertical position. The transition region between the dense and dilute phases is at about z=25cm. The value of X in the dense phase was uncertain because the temperature jump at the level of the heater was very small. Since 2. is a strong function of bed density, it is replotted against pb/pde in Fig. 5 . It is obvious that 2. is very small for small pb. However, the effect of solid circulation on temperature distribution cannot be ignored since the heat capacity of the solid particles is several hundred times as large as that of the gas.
Wall Heat Transfer Coefficient22}
Heat transfer coefficient between wall and the dense phase has been well investigated1 '10'19'26) . Also, data on heat transfer in solid-gas transport lines may be found in the literature2)7).
However The packet proposed by Mickley and Fairbanks12) was examined experimentally by Selzer and Thomson19). Contact time was 0.1-0.3 s and the penetration depth of heat transfer was 100-500/em.
Considering these data, the size of the probe was probably muchlarger than the size of the packet contacting the heating wall of the probe. Thus, data by means of this probe may be considered to represent heat transfer coefficients for vertical tube walls if the flow pattern of the emulsion is not affected by the tip of the probe. The heat transfer coefficient at the stagnant point (tip) will be different from that along the wall, but the effect is small since the wall surface area is muchlarger than the stagnant surface area.
Results
Wall heat transfer coefficients thus measured are plotted in Fig. 6 . To compare with heat transfer coefficient for the immersed vertical tubes, calculation using the correlation by Wender and Cooper23} was carried out as shown in the figure. The experi- dCB dZ +NAri e~r*/0CB=O (6)^-vNAr2 e-r*"CB+NAr6 e-r*"Ce=0 (7) 1 d2d d6 /n -n/dsi W^~dZ^-^Z+^N^e Ca NPeis a Peclet number accounting for the thermal diffusion due to solid mixing. If NPe is zero, temperature is completely uniform in the dilute phase. NHw is a dimensionless heat transfer coefficient and sometimes the effect of radiative transfer is to be accounted 7V^rl=2x 108 and E±=S2.6 kJ/mol mean krlLf/Uf=5. i23=50 means -J#3=2800 kJ/mol at cS=6.4x lO"7 mol/cm3 (ca. 3.0%) at 573 K and 1 atm. This heat of reaction is not so large as the heat of combustion for many hydrocarbons, but is much larger than in ordinary chemical reactions. If the concentration of reactant A is much larger, a smaller heat of reaction will be enough to give the same value of Qz as above. From these figures, it is obvious that there is considerable temperature rise in the dilute phase due to non-catalytic, highly exothermic reactions. Stability of the reaction system is very sensitive to NPe and NHw. If NPe becomes larger, the temperature rise at the bottom of the dilute phase becomes enormous and reaches uncontrollable values.
The case of large NPe may be studied by calculation for the case of unmixed solid particles. Calculations of this case show that cooling of the dilute phase is necessary for operating the reactor in steady state for such unstable reactions. (Fig. 9 ) The extreme case of small NPe is the case of the thermally complete-mixed dilute phase. It is possible for multiple steady states to exist in this case. Examples of analyses by heat generation and rejection curves, proposed by van Heerden27), are shown in Fig. 10 . The effect of radiation is calculated simply assuming that particle swarms of emissivity 0.8 stay near the wall. The enthalpy balance in the dilute phase in calculating these figures is described below. The material balances are calculated by assuming piston flow of the gas phase as shown in Eqs. (5)- (7). (9) QII=(l+N^0di-l-N^dc (10) QI=QII from the enthalpy balance (1 1) where Q^t-AH^cllc.fPfT^ (12) N'H=hwaw(Lt -Lf)IUfpfcp f (1 3)
Qx and Qu are dimensionless heat being generated and rejected, respectively. 6 is the dimensionless temperature, and 6C is that for the cooling wall. The value of N' H is 100-200 for the transition zone and 30-50 for the dilute phase. There are two stable steady states and one unstable point for E3 of 167, 293kJ/mol. If E3 is reduced to 40 kJ/mol, only one stable point is possible. Thus, spontaneous ignition is possible for large values of E3 and the existence of instability is probable for these unstable reaction systems even in the case of thermal homogeneity.
Conclusion
In applying fluid catalytic reactors, unstable phenomena in the freeboard region (or the dilute phase) should carefully be investigated. Solid circulation rate This problem of stability in the dilute phase in fluid catalytic reactors is very important in their application, and more study is needed along with the investigation of solid circulation and heat transfer. (Tj Tde) UJ Uf fraction of solid directly contacting gas phase evaluated as the emulsion phase
